BACKGROUND AND PURPOSE: DAVFs and small AVMs are difficult to detect on conventional MR imaging/MRA or CTA examinations and often require DSA for definitive diagnosis. The purpose of this study was to assess the value of venous signal intensity on ASL imaging for making this diagnosis.
D
AVFs and AVMs are cerebral vascular malformations characterized by arteriovenous shunting, with direct communication between the arterial and venous circulations without an intervening capillary bed. The criterion standard for diagnosis of such vascular malformations has traditionally been DSA, which permits visualization of the arterial feeders, fistula site, and venous drainage with high spatial and temporal resolution.
ASL is an emerging noncontrast MR imaging technique in which arterial blood water is electromagnetically labeled proximal to the brain and used as a diffusible flow tracer. 1 Under normal conditions, most labeled water is extracted at the capillary level into the tissue, giving rise to the parenchymal perfusion ASL signal intensity. Because the T1 decay of the labeled water is short compared with capillary transit time, ASL signal intensity is not typically seen within intracerebral veins. Because DAVFs and AVMs lack a capillary bed, there is no water extraction and the transit time of the labeled water is shortened; these factors can result in venous ASL signal intensity. [2] [3] [4] Large DAVFs and AVMs are usually easily visible on CT/ CTA and/or conventional MR imaging/MRA and do not present a significant diagnostic challenge. MR imaging signs of smaller DAVFs or AVMs span a wide spectrum, however, ranging from no demonstrable lesion to nonspecific findings such as ICH, white matter hyperintensity, and edema to more specific findings such as dilated serpiginous vessels and venous pouches. Especially in the presence of edema and mass effect from ICH, small vascular malformations remain difficult to detect with standard MR imaging methods. 5 While newer techniques, such as time-resolved MRA, [6] [7] [8] are becoming available and may allow increased sensitivity to small lesions, most patients still require an invasive DSA study for definitive diagnosis. The ability to identify small vascular shunts with a noninvasive technique should allow better triage to confirmatory DSA and enable joint confirmatory and therapeutic angiography in a single session, thus reducing cost and risk to the patient. The purpose of this study was to assess the added value of venous ASL signal intensity to detect small AVMs and DAVFs.
Materials and Methods

Patient Population
This retrospective study was approved by our institutional review board. Review of our Neurointerventional Radiology data base yielded 54 patients with DAVFs or small AVMs (defined for the purpose of this study as Ͻ2 cm) diagnosed at our institution between September 2007 and September 2010. From this group, 15 patients (8 DAVFs and 7 small AVMs) also underwent MR imaging that included ASL (On-line Table 1 ). Within this study group, 2 patients had residual AVMs and 1 patient had a residual DAVF following embolization or surgery. Within the study group, 9 patients had intraparenchymal hemorrhage, 3 patients had subarachnoid hemorrhage, 1 patient presented with seizure, 1 patient was found to have an AVM on a follow-up study for Moyamoya disease, and 1 patient was found to have a DAVF on a follow-up study for carotid cavernous fistula. The control group consisted of 11 patients who met the following criteria: the same time period, the presence of ICH (4 patients had intraparenchymal hemorrhage and 7 patients had subarachnoid hemorrhage), a suspected vascular lesion, negative findings on a DSA study, and an MR imaging study including ASL. The age and sex breakdown of the 2 groups was as follows: study group: mean age, 58 years; range, 11-69 years; male/female ratio, 9:6; control group: mean age, 49 years; range, 20 -75 years; male/female ratio, 5:6. Presenting symptoms were similar and included headache in 7 patients, tinnitus in 1 patient, unilateral weakness in 12 patients, and seizure in 1 patient; 18 patients had ICH. The interval between the initial DSA and MR imaging examinations ranged from 0 to 5 days. Two patients with positive findings (1 with a DAVF [patient 7] and 1 with an AVM [patient 5]) had initial DSA examinations read as having negative findings, presumably due to obscuration of the vascular malformation from mass effect due to ICH; follow-up DSA studies 7 and 28 days later, respectively, had positive findings.
Imaging Methods
All imaging was performed at 1.5T (Signa; GE Healthcare, Milwaukee, Wisconsin) and included the following sequences: 3D time-offlight MRA (TR/TE, 34/3.1 ms; FOV, 24 cm; matrix, 512 ϫ 128; 1-mm thick sections), axial diffusion-weighted (TR/TE, 6000/70 ms; bϭ1000 s/mm 2 ), axial gradient-echo (TR/TE, 600/30 ms), T2-weighted FSE (TR/TE, 4717/85 ms), axial fluid-attenuated inversion recovery (TR/TE/TI, 8802/110/2200 ms), and T1 postcontrast (TR/TE 600/15 ms). All of the anatomic imaging was performed with 5-mm section thickness, 1.5-mm skip, and 24-cm FOV. pcASL imaging (TR/TE, 5500/2.5 ms) was performed by using a labeling period of 1500 ms followed by a PLD of 2000 ms, 9 with the labeling plane at the level of the foramen magnum. Readout was performed with 3D background-suppressed FSE, with an in-plane and through-plane spatial resolution of 3 and 4 mm, respectively. All patients underwent catheter-based DSA as part of their clinical work-up for ICH of unclear origin or suspicion of a vascular malformation in dedicated biplane neuroangiography suites (Axiom Artis; Siemens, Erlangen, Germany). DSA examinations included anteroposterior and lateral views with selective injection of the appropriate internal carotid, external carotid, and/or vertebral artery with iodinated contrast medium (iohexol, Omnipaque 300; GE Healthcare, Chalfont St. Giles, United Kingdom).
Radiologic Assessment
The MR imaging examinations were independently reviewed by 2 neuroradiologists and 1 neurologist blinded to patient history and DSA results. If there was an initial noncontrast CT examination, the readers were allowed to review it, because this was thought to most closely approximate clinical practice. Initial scoring was performed with access to all of the MR imaging sequences except the ASL study. The reviewers first recorded the presence of ICH (including hemosiderin staining), edema, abnormal MRA, serpiginous vessels, and abnormal venous enhancement (in either a venous pouch or prominent draining vein on postcontrast imaging). The reviewers then stated whether they thought there was a DAVF or AVM, by using the following 5-point scale: 1) very unlikely, 2) unlikely, 3) equally likely and unlikely (neutral), 4) likely, and 5) very likely. After this decision, they then reviewed the ASL imaging of the same patient and additionally determined the presence of venous ASL signal intensity, defined as either high signal intensity in the location of a major venous structure (superior sagittal sinus, transverse sinus, sigmoid sinus, straight sinus, vein of Galen, internal cerebral veins) or in cortical veins. It was possible to cross-reference the ASL images to the anatomic imaging to aid in the assessment. Finally, the readers were again asked to grade the likelihood of a DAVF or small AVM by using the same scale. Independent of these 3 reviewers, 2 other neuroradiologists evaluated the ASL images with direct comparison with the angiographic results. The presence of a DAVF or AVM on DSA was considered the criterion standard and was based on the DSA clinical report.
Statistical Analysis
Interobserver agreement for imaging findings among the 3 readers was assessed with the statistic. Sensitivity and specificity were assessed by means of univariate and multivariate logistic regressions of DSA results on imaging features. Assessment of the contribution of the venous ASL signal-intensity feature was done by a likelihood ratio test between multivariate models with and without the feature.
To test the added value of ASL, we performed sensitivity, specificity, and accuracy of reader assessments with and without the use of venous ASL signal-intensity information with ROC analysis, by nonparametric estimation of the AUC. Comparison of pre-and post-ASL assessment AUCs was done with the DeLong algorithm.
Results
Venous ASL signal intensity was frequently seen in cases that were deemed positive on DSA study (Figs 1-3 and 6 ). Table 1 shows the values for agreement of the 3 readers overall and for specific imaging features. Agreement was moderate-togood, and highest for the presence of venous ASL signal intensity ( ϭ 0.64; 95% CI, 0.40 -0.85). The sensitivity, specificity, positive predictive value, and negative predictive value of venous ASL signal intensity to predict a positive DSA study were 78% (95% CI, 63%-89%), 85% (95% CI, 68%-95%), 88% (95% CI, 73%-96%), and 74% (95% CI, 57%-87%), respectively. Figure 4 is a histogram of pooled score frequency pre-and post-ASL review for DSA cases with positive and negative findings. The effect of the ASL information was to move readers' assessments to the ends of the 5-point scale, regardless of the presence or absence of a vascular lesion (P Ͻ .0001). The pooled post-ASL assessments had a significantly (P ϭ .02) higher AUC than the pre-ASL assessments: pre-ASL, 0.798 (95% CI, 0.707-0.890); post-ASL, 0.891 (95% CI, 0.819 -0.962) ( Figure 5 ). The post-ASL ROC curve also showed improved symmetry, suggesting that the MR imaging examination including ASL became a more well-rounded predictor, primarily by increasing sensitivity. Table 2 shows the results of univariate and multivariate logistic regression of the individual imaging features in predicting positive findings on a DSA study. Univariate regressions showed that lack of edema, the presence of abnormal MRA findings, serpiginous vessels, venous enhancement, and venous ASL signal intensity were significant predictors of positive findings on a DSA study. Due to the high correlations between abnormal MRA findings and serpiginous vessels (tetrachoric r ϭ 0.77) and between venous enhancement and serpiginous vessels (r ϭ 0.67), significant independent predictors in a multivariate regression were only lack of edema, the presence of serpiginous vessels, and venous ASL signal intensity. The venous ASL signal intensity had the highest odds ratio for prediction (17.3; 95% CI, 3.3-90). The inclusion of venous ASL significantly improved the fit of the multivariate regression compared with using only the other 5 features (P ϭ .0001 by likelihood-ratio test). On the basis of the multivariate results, we tested the ROCs of a score consisting of 1 point each for the following: 1) absence of edema, 2) serpiginous vessels, and 3) venous ASL signal intensity. The AUC of this simplified score was 0.902 (95% CI, 0.84 -0.97). If the MR imaging examination received a score of Ն2, the sensitivity, specificity, positive predictive value, and negative predictive value to predict a DSA study with positive findings were 76% (95% CI, 61%-87%), 97% (95% CI, 84%-100%), 97% (95% CI, 85%-100%), and 74% (95% CI, 59%-87%), respectively.
Before evaluating the ASL sequence, readers scored 21% of the studies as "neutral" (score of 3) regarding the presence of vascular malformation (16/78 instances). These are cases in which triage to DSA might be debated. Seven of 16 of these (44%) were in patients with positive findings on DSA, and in all of these cases, the readers thought that a vascular malformation was more likely on post-ASL review (5 were scored as likely and 2 were scored as very likely). In the 9 cases with negative findings on DSA, 6 were correctly predicted as unlikely (2 as unlikely and 4 as very unlikely), while 3 were incorrectly thought to be more likely (all scored likely). In 2 of these cases, the readers thought that venous ASL signal intensity was present. After ASL review, the number of cases graded as neutral dropped from 16 to 3, indicating an increase in confidence of diagnosis.
Post hoc review of the MR imaging with access to the DSA findings demonstrated the reasons for some of the discrepancies of the blinded readers. In some cases, ASL signal intensity in the callosomarginal branch of the anterior cerebral artery (representing slow arterial flow) was attributed to a venous structure (the superior sagittal sinus) (On- Line Fig 1) . Another error was caused by the presence of a small amount of focal ASL signal intensity in an unexpected region-for example, in the case of a patient with a very slow-flow left petrous apex DAVF (Fig 6) .
Discussion
This study demonstrates that identifying ASL signal intensity within intracerebral veins on pcASL improves the diagnostic ability of a broad range of readers to detect small AVMs and DAVFs. Recent reports have suggested that other advanced imaging techniques are capable of detecting and evaluating such lesions, including 4D contrast-enhanced MRA, [6] [7] [8] 10, 11 dynamic MRA, 5 phase-contrast MRA, 12 and MR bolus perfusion-weighted imaging. 13 Relatively few studies have been reported on the possible value of ASL imaging. [2] [3] [4] 13, 14 Most of these have endeavored to quantitate flow to the nidus or the perinidal region, which is challenging due to the retention of labeled water within vessels rather than within tissue and which we did not attempt. None evaluated whether ASL is of clinical value in detecting otherwise occult lesions. The current report shows that identifying ASL signal intensity in the venous system can be a sign of small shunting vascular malformations, and incorporating this information leads to a better clinical assessment. This is important, because while angiography in proper hands is not a high-risk procedure, it is time-and personnel-intensive and can cause patient discomfort. Even following DSA, mass effect from ICH and edema can obscure small lesions, and repeat DSA is generally recommended to increase detection sensitivity, as occurred in 2 cases in our series.
ASL is becoming more common in the clinical setting due to recent technical advances, including the use of spin-echo readout and background suppression. 15 Other variations of ASL, however, which use 2D echo-planar imaging have artifacts caused by ICH or embolic material. For example, a prior report evaluating time-resolved imaging of contrast kinetics (TRICKS) and ASL in a DAVF found that ASL was often uninterpretable due to motion and/or ICH. 3 We suspect that the higher signal intensity-to-noise ratio, reduced susceptibility artifacts, decreased motion sensitivity due to background suppression, and 3D FSE readout of the current ASL sequence all contributed to its value. All ASL images in this study were interpretable, including in patients with embolic material and large hematomas, and there was good inter-reader agreement regarding venous ASL signal intensity. ASL has previously been shown to demonstrate conspicuous findings in large AVMs.
2,3 ASL uses labeled water as a diffusible tracer, which is 90% extracted on the first pass through the capillary bed. Because the mean dwell time within the voxel for extravascular water is much longer than the label T1, ASL signal intensity is not typically seen in the venous system. This would not be true for some other ASL implementations, such as fluid-attenuated inversion recovery, in which veins and arteries are labeled.
14 Therefore, by using pcASL, one does not see venous ASL signal intensity except in the presence of a direct arteriovenous connection, such as in AVMs and DAVFs. The magnitude of the venous ASL signal intensity depends on the number of spins traversing the fistula and the precise timing (both labeling time and PLD) as well as whether vascular crusher gradients are used. In our experience by using nonvascular-suppressed pcASL routinely, we rarely see venous ASL signal intensity, except in the setting of arteriovenous shunt lesions. In theory, one might expect to see venous ASL signal intensity in very vascular brain tumors (such as hemangioblastoma) or in subacute stroke (in which arteriovenous shunting has been described).
This study was designed to identify the added clinical value of ASL for the diagnosis of small AVMs or DAVFs. We excluded AVMs Ͼ2 cm to better capture patients in whom diagnosis is challenging on noninvasive imaging. ROC analysis showed that the readers performed significantly better after reviewing the ASL sequence. This was due to 2 factors: 1) the readers' scores increased if they identified venous ASL signal intensity, indicating that they thought a vascular malformation was more likely; and 2) the presence of venous ASL signal intensity had a high positive predictive value to detect these lesions. Both univariate and multivariate regression demonstrated that venous ASL signal intensity was associated with the highest odds ratio to predict positive findings on a DSA study. Using this information, we devised a simple scoring system incorporating 3 factors (absence of edema, presence of serpiginous vessels, and venous ASL signal intensity), which had equally good performance as the reader's judgment. Finally, we found that equivocal scores (score of 3, neutral) decreased dramatically following ASL review and that the final judgment in such cases was overwhelmingly the correct one. This study has several limitations. First, it was a retrospective study, and unknown biases could be present. We suspect that any biases would work against finding positive results because the cases chosen were challenging, the level of suspicion of the readers was high (as they were aware that they were to search particularly for these lesions), and the readers were highly experienced. With the setup of this study, the readers knew that a large percentage of the cases had DAVFs or small AVMs, and they would tend to be biased in favor of detecting these types of lesions. In an unselected population, it is likely the readers' sensitivity (due to pretest probability) would have been lower and it would have been easier to show a positive Multivariate post-ASL model is an improvement over the pre-ASL model (P ϭ .0001).
Fig 4.
Histograms of pooled scores of the 3 readers regarding the likelihood of DAVF/AVM (1 ϭ very unlikely, 2 ϭ unlikely, 3 ϭ neutral, 4 ϭ likely, 5 ϭ very likely) before and after reviewing the ASL images, for cases with both negative and positive findings on DSA. Note that the distribution before reviewing ASL was skewed toward the correct diagnosis, but this effect was magnified following ASL review. In particular, the number of cases deemed "neutral" (score of 3) markedly decreased following review of ASL, suggesting that the readers had higher confidence in their decisions post-ASL.
Fig 5.
ROC curves for the pooled and individual readers pre-and postreview of the ASL images. The increase in the AUC was significant (P ϭ .02). The post-ASL curve is a more well-rounded predictor and indicates that the readers' sensitivity for identifying a vascular malformation has increased after reviewing the ASL images. Reader 1 is a neurologist; readers 2 and 3 are neuroradiologists.
